level in cord blood was 1.23 g/dl, in the range of 0. 44-6.90 g/dl. An adverse effect of prenatal lead exposure (logtransformed lead concentrations) on MDI scores at 12 months of age was of border significance ( ␤ = -5.42, 95% CI: -11.19 to 0.35). Subsequent testing of children at 24 months of age showed a significant inverse association of mental function and lead exposure ( ␤ = -7.65, 95% CI: -14.68 to -0.62). A significant deficit in cognitive function due to prenatal lead exposure was also confirmed at 36 months of age ( ␤ = -6.72, 95% CI: -12.5 to -0.89). The GEE panel model showed that the average deficit in the cognitive development attributable to lead exposure over 3 years was also significant ( ␤ = -6.62, 95% CI: -1.52 to -1.72). Mental function scores of girls were better than boys, and the effect of maternal education remained strongly significant in relation to mental function of 3-year-olds. Conclusion: The results of the study demonstrate that the neurotoxic impact of very low levels of prenatal lead exposure (below 5 g/dl) may occur in infants and very young children, and suggest a revision of established health guidelines for prenatal lead exposure criteria.
Introduction
Lead toxicity has been known for over 2,000 years, and is the most common and serious environmental hazard affecting not only adults, but children as well. For 2 decades, it has been known that in utero exposure to lead during the early stages of brain development is among the exogenous factors affecting neurobehavioral development of children [1, 2] . The effect is due to the fact that humans begin to accumulate lead in their bodies during prenatal development. Because the fetal and infant brains are in a state of rapid growth, impairment of later cognitive function may result from even minor environmental toxic exposure. Since the placenta is not an effective biological barrier, pregnant women represent the group at increased risk because of maternal exposure of the fetus to lead [3] [4] [5] [6] .
The studies conducted earlier provided solid evidence that prenatal exposure to low-level environmental lead may have demonstrable effects on later cognitive and behavioral development of children [5, [7] [8] [9] [10] [11] [12] [13] [14] . Although definite thresholds for various low-level lead-related health outcomes have not been established as yet, it has been suggested that the range of 5-10 g/dl of lead in the blood of children or pregnant women may be acceptable. However, in the opinion of some investigators, further studies on the effect of blood lead in the range below 5 g/dl are needed to better define the risk and to find more accurate tools to measure the smaller health outcomes [15, 16] . To assess the developmental effects at very low lead exposure levels, more evidence is needed from cohort studies on neurocognitive deficits, especially from areas with relatively low community lead exposure.
Our primary purpose in the study was to establish a possible association between very-low-level prenatal exposure to lead and mental development of children at 12, 24 and 36 months of age. The accumulated lead dose in infants over the pregnancy period was measured by the cord blood concentration of lead, and the Bayley Mental Development Index (MDI) was used to assess mental development in infancy and early childhood.
Material and Methods
The cohort originally consisted of 505 infants who were born at 33-43 weeks of gestation between January 2001 and February 2004 to mothers participating in an ongoing prospective cohort study. The material under analysis included 444 infants who completed the Bayley test upon entry to the study. The design of this cohort prospective study and the selection of the population have been described previously [17] . Women attending ambulatory prenatal clinics in the first and second trimesters of pregnancy were eligible for the study. The enrollment included only nonsmoking women with singleton pregnancies between the ages of 18 and 35 years, and who were free from chronic diseases such as diabetes and hypertension. Upon enrollment, a detailed questionnaire was administered to each subject to elicit information on demographic data, date of the last menstrual period, and medical and reproductive history. Environmental tobacco smoke (ETS) in pregnancy was recorded during standardized interviews with women performed by trained interviewers at the second and third trimesters of pregnancy. Exposure was estimated using a series of questions on the average number of cigarettes smoked at home or at work in the presence of women over the second and the third trimester of pregnancy.
Blood Sample Collection and Analysis
A cord blood sample (30-35 ml) was drawn into a Vacutainer tube that had been treated with ethylenediaminetetraacetate (EDTA). The tubes were inverted several times to mix the EDTA and the blood to prevent coagulation. Within 8 h of blood collection, the blood samples were transported to the clinical biochemistry laboratory at the University Hospital in Krakow for processing and storage. Packed red blood cells and plasma samples were separated and stored in liquid nitrogen in the laboratory prior to shipment to Columbia University. From Columbia University, portions of samples were then sent to the Centers for Disease Control for chemical analysis. Blood samples for lead analysis were refrigerated without any processing. Whole blood lead concentrations were determined using inductively coupled plasma mass spectrometry CLIA'88 method 'blood lead cadmium mercury ICPMS-ITB001A'. This multi-element analytical technique is based on quadrupole ICP-MS technology [18] .
Mental Developmental Testing
The Bayley Scales of Infant Development second edition (BSID-II) includes a mental scale, the MDI [19] . The BSID-II results are based on the assessment of 178 standardized activities.
The number and sequence of these activities are chosen for each age group. The MDI assesses habituation, problem solving, early number concepts, generalization, classification, memory, vocalization, language and social skills.
The test results fall into 1 of 4 categories: (1) accelerated performance (equal or greater than a score of 115); (2) within normal limits (85-114); (3) mildly delayed performance (70-84); (4) significantly delayed performance ( ^ 69). For the purpose of the statistical analysis, the first 2 categories (1 and 2) were combined into 1 group (the normal performance), and the other 2 groups (3 and 4) were treated as the group with the delayed performance. The BSID-II test was administered to children within 4 weeks of the target age at the Department of Epidemiology and Preventive Medicine by 5 trained examiners who were unaware of the child's exposure. Interpretation of the Bayley test was based on the detailed instruction manual for evaluators [19] . Standardization of mental performance scoring was done in the course of team practice sessions with the team leader (I.L.-M.), who was trained at Columbia University, with follow-up surveillance of the assessors by J.J. from the Jeshiva University in New York.
Statistical Data Analysis
In the descriptive analysis, the distribution of various parameters related to women and newborns under study reflected by lead exposure level has been considered. 2 statistics (nominal variables) and ANOVA (numerical variables) were used to test differences between subgroups with low and higher lead exposure. The relationship between the lead in cord blood and MDI scores was evaluated with linear multivariate regression. In order to assess the average effect of maternal exposure to lead during pregnancy on the Bayley scale measured at 12, 24 and 36 months of child's age, the generalized estimating equations (GEE) model was applied [20] .
GEE utilizes data of all respondents, including those with incomplete protocols, and permits simultaneous modeling of the relationship (regression) of specific risk factors with BSID-II score and all 3 measurements over the follow-up.
GEE estimates regression coefficients taking into account the correlation between scores at ages 12, 24 and 36 months. The described models computed regression coefficients of dependent variable (BSID-II performance scores) on the main predictor variable (cord blood lead level) and potential modifiers (maternal education, birth order, gender of child and ETS). Statistical analyses were performed with Stata software version 10 for Windows. Table 1 presents characteristics of the infants under study by blood lead level dichotomized by its median concentration (median 1.23 g/dl). The maternal education and the MDI scores were significantly lower in subjects from the higher exposure group. The overall geometric mean lead level in cord blood was 1.29 g/dl (95% CI: 1.24-1.34) with a range of 0.44-6.90 g/dl. In total, about 90% of newborns had cord blood lead concentrations equal or below 5 g/dl ( fig. 1 ). We found the cord blood lead level significantly higher in the children with poorer performances at study entry ( table 2 ) .
Results
BSID-II scores measured in the 3 follow-up time points correlated significantly with each other. The correlation coefficient between MDI scores measured at 12 months and 24 months was 0.38 (95% CI: 0.30-0.46), and between MDI scores at 24 and 36 months this was 0.60 (95% CI: 0.54-0.66). The cognitive performance of children measured by MDI scores over the 3-year follow-up increased with age. There were 6.3% of children with delayed cognitive functions at 12 months of age, and this proportion decreased to 4.7% by the age of 36 months.
Cross-tabulation of MDI scores by cord blood lead level (categorized by the quintiles of lead distribution) in the total study sample showed that the MDI score differed significantly across the exposure groups ( table 3 ) . The relationship between MDI scores measured over the followup and the cord blood lead level (log transformed) has been presented in figure 2 . In general, children with better maternal education had slightly higher MDI scores across exposure categories than those with lower maternal education ( table 4 ) . Table 5 shows the adjusted effects of prenatal lead exposure (expressed in log-transformed units) on cognitive function (MDI) estimated in the linear multiple regression models at each follow-up time point. In the statistical models, the effects were adjusted for potential confounders (maternal education, parity, gender of child and prenatal ETS exposure). An adverse effect of prenatal lead exposure on MDI score at 12 months of age was of border significance ( ␤ = -5.42; 95% CI: -11.19 to 0.35). Subsequent testing of children at 24 months of age showed the significant inverse association of mental function and lead exposure ( ␤ = -7.65; 95% CI: -14.68 to -0.62). The significant deficit in cognitive function due to prenatal lead exposure has also been confirmed at 36 months of age ( ␤ = -6.72; 95% CI: -12.55 to -0.89). In the follow-up examinations, girls showed better cognitive ability than boys. While maternal education was found to have a positive impact on the child's mental function in successive testing, there were negative impacts of prenatal ETS on MDI scores at 24 months ( ␤ = -0.31; 95% CI: -0.61 to -0.018) and at 36 months ( ␤ = -0.24; 95% CI: -0.47 to -0.003). Table 6 demonstrates the association between lead cord blood level (log transformed) and cognitive function estimated by the GEE model. The results obtained confirmed a significant average deficit in the cognitive development attributable to lead exposure over 2 years ( ␤ = -6.62; 95% CI: -11.52 to -1.72). As described earlier, the association between cord blood lead levels and the cognitive scores was adjusted for potential confounders such as maternal education, birth order, gender of child and prenatal ETS. The adjusted effect of prenatal ETS exposure measured by maternal self-report remained inversely associated with the MDI score, although at a borderline significance level. The mental function of girls was better than in boys, and the impact of maternal education on the mental function of 2-and 3-year-olds remained strongly significant. Figure 3 presents the predicted effect of prenatal lead exposure in terms of the cognitive function of children measured by MDI score over the follow-up. The predictions were adjusted for the same set of confounders considered in earlier analyses, and were based on the GEE multivariate model. The dose-effect relationship between lead exposure and neurocognitive function is not linear, and suggests that neurocognitive deficits already occur within the level of 5 g/dl without clear threshold values. 
Discussion
Although the infants in our study were prenatally exposed to very low lead concentrations, which ranged between 0.44 and 6.90 g/dl, we observed inverse associations between cord blood lead level deficits in cognitive functioning of children already at lead levels below 5.0 g/dl. The average deficit in cognitive function over the follow-up among children exposed to lead was about 6 points for 1 log unit of cord blood level concentrations (GEE model). The estimated effect of prenatal lead exposure on the cognitive scores of children in the follow-up period was adjusted for potential confounders including maternal education, birth order, gender of child and prenatal ETS exposure. Although the effect was rather modest, an observed trend of cognitive deficit beginning in the second year of life might persist, and even develop, over the coming years. In total, the mental function of Table 6 . Cognitive development of children with blood lead levels below 5 g/dl over the follow-up in the GEE models (1,240 measurements) girls was much better than that of boys, and the impact of maternal education on mental function of 3-year-olds was confirmed.
The results of the presented analysis argue for a reduction in blood lead levels that are below the level of 5 g/dl, and show the need for redefining the primary prevention standards of childhood lead exposure. The current definition of an elevated blood lead level 1 10 g/dl recommended by the Centers for Disease Control and the World Health Organization [21, 22] should be verified. We are not able to provide a definite threshold for the adverse effects of lead exposure on cognitive development based on the results of our study, and these should be established in the longer follow-up. In this debate, we have to mention that many of the effects of lead on central nervous system of infants or very young children are difficult to assess with similar accuracy as in older children or adults. Moreover, subclinical neurobehavioral deficits present in very early childhood may be a weak predictor of adult neurocognitive functioning or vocational skills. Thus, the prospective observation of very low exposure to lead and cognitive deficits in children should be extended over a longer period of time.
Low-level lead exposure has been studied widely over the past 2 decades, predominantly in older children [3-8, 10, 11, 14-16, 23-30] , and the dose-response relationships and possible threshold values for low-level lead toxicity have been under debate. Different methodological approaches used in the studies increase the controversies over the best study designs, choice of adequate marker of lead exposure, most sensitive and valid tools for assessment of neurocognitive development of children, and the choice of the most powerful confounders and modifiers.
Moreover, in previous studies, often higher ranges of blood lead levels (10 to 1 30 g/dl) were considered. Few studies have recruited samples large enough to detect small effects in the long-term follow-up.
Blood lead levels determined at the time of gestation are probably the most accurate marker of fetal exposure, since toxicokinetic studies in rodents and primates demonstrated that lead readily moves across the placenta. However, it is not clear which blood lead measure is most adequate, i.e. during a specified gestational period, peak blood lead or integrated blood lead measured over gestation. In our study, we used the cord blood concentration of lead, which represents the accumulated dose over the pregnancy period.
The most sensitive endpoints for low-level lead toxicity are not yet known. Some investigators have focused on motor development and others on visual/motor performance based upon the effects of lead observed in occupational settings. In order to capture the early cognitive outcomes of lead exposure in the womb, we chose the Bayley MDI to measure the mental function at follow-up, which is a well standardized tool suitable for assessing intellectual deficits among infants and very young children longitudinally. Not only are the scales well standardized, but they offer an early and fairly comprehensive measure of cognitive functioning. The Bayley taps abilities such as attention, memory and perceptual reasoning, which are thought to be fundamental components of early as well as later intellectual functioning.
The results of the study are consistent with those observed by other authors, i.e. heightened susceptibility of the fetal nervous system to prenatal toxic exposure and that Bayley MDI test scores are a sensitive endpoint for low-level lead toxicity. Several studies have reported similar effects of lead exposures higher than those reported here, either occurring in childhood or prenatally. Needleman and Gatsonis [12] , in a meta-analysis of 12 studies of childhood exposures to lead in relation to IQ, found support for the hypothesis that lead impairs children's IQ. The negative partial Spearman correlation coefficient for lead and IQ ranged from -0.27 to -0.003. However, the limited power of the studies to find an effect (below 0.6 in 7 of 12 studies) and the use of different methods for measuring blood lead concentrations made the studies barely comparable.
Our results are consistent with the data reported by Bellinger et al. [8] who longitudinally analyzed the effect of prenatal and postnatal lead exposure on the early cognitive development of 249 children (BSM-II) examined semiannually over 2 years. On the basis of lead levels in umbilical cord blood, children were assigned to 1 of 3 groups: low ( ! 3 g/dl), medium (6-7 g/dl) or high ( 1 10 g/dl). The estimated difference between the adjusted performance of the prenatal lower exposure group ( ! 3.0 g/dl) and higher exposure group ( 1 10 g/dl) was 4.8 points. Scores were not related to infants' postnatal blood lead levels.
Two recent studies of the effects of low blood level concentrations have been published. In 2000, Lanphear et al. [15] examined data from the NHANES III on 4,853 children between the ages 6 and 16 years. The association between scores on arithmetic and reading skills, achievement scores and blood lead concentration was measured; adjustments were made in the multiple regression analysis for age, race, sex, region of the country, parental marital status and education, poverty level and serum cotinine concentrations. The geometric mean blood lead concentration was 1.9 g/dl (SE 0.1) and only 9.7% of children had blood lead concentrations above 5 g/dl. Significant inverse relationships were found for arithmetic and reading tests at blood lead concentrations below 5 g/dl. In 2003, Canfield et al. [16] examined the association between child blood concentrations and Stanford-Binet Intelligence Scale scores in a prospective study of 172 children, aged 6-60 months. The lifetime average blood lead concentration was 7.7 g/dl at the age of 3 years and 7.4 g/dl at the age of 5 years. At 3 years of age, 86 children (57.0%) had a peak blood lead concentration below 10 g/ dl, as did 86 (55.8%) at the age of 5 years (71 of these children had such a concentration at both ages, and the remaining 30 had this concentration at either 3 or 5 years). Blood lead concentrations, even those below 10 g/dl, were inversely associated with children's IQ scores at 3 and 5 years of age, and associated declines in IQ are greater at these concentrations than at higher concentrations.
A very recent cohort study in Mexico [31] compared cognitive function related to prenatal and postnatal lead exposure in the sample of 175 children from pregnancy through 10 years of age. The geometric mean of cord blood lead was 8.0 g/dl (range 1-33 g/dl), from 1 through 5 years it was 9.8 g/dl (2.8-36.4 g/dl), and from 3 through 10 years of age it was 6.2 (2.2-18.6 g/dl). The authors found that lead exposure around 28 weeks' gestation was critical for later childhood intellectual development with lasting or permanent effects. No threshold values were found and the strongest lead effects on IQ were observed within the first few micrograms of blood lead.
Interestingly, in the course of our cohort study, we have been able to show not only the adverse effect of lead exposure, but also impact of prenatal ETS exposure on the cognitive development over the 3-year follow-up. The adverse impact of fetal exposure to ETS over the first years of life may be due to mechanisms exerted by the many ETS constituents. They may alter receptor-mediated cell signaling in the brain [32] , induction of P450 enzymes [33] or cause DNA damage by activating apoptotic pathways [34, 35] . Our observation is in agreement with the results of Rauh et al. [36] who reported significant deficits in cognitive test scores among 2-year-olds who were exposed prenatally to ETS, after controlling for ETS exposure during the first 2 postnatal years. Since indoor polychlorinated biphenyls (PAH) result from ETS, the ETS-related cognitive deficit could be attributable in part to PAH. The earlier study of Perera et al. [37] showed that PAH at levels encountered in the urban community may adversely affect cognitive development of preschool children.
Our study has several potential limitations. First, the study sample may not be representative of the female urban population in the country because enrollment covered only pregnant nonsmoking women with singleton pregnancies between the ages of 18 and 35 years who were free from chronic diseases, such as diabetes and hypertension. These criteria eliminated infants at greater risk of neurocognitive disorders from the study because of maternal chronic diseases or active smoking. Moreover, we were not able to control for postnatal lead exposure during the follow-up. Although estimated effects of lead exposure on cognitive skills were adjusted for numerous potential confounders, we did not consider home environment parameters and maternal intelligence in the study, which may have biased the detrimental effects of prenatal lead exposure. In fact, maternal education level considered in our study might be treated as a possible surrogate for maternal intelligence and home environment.
Summing up, the data from our study demonstrate that a neurotoxic impact of very low levels of prenatal lead exposure may occur in infants and very young children, and suggest a guideline for a cord blood lead critical value below 5 g/dl. To determine whether the cognitive deficit documented in this study persists in older ages, we plan to extend the follow-up over the next few years. This will enable us to assess the dynamics of mental development of children in relation to lead exposure.
